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ABSTRACT

Bacterial fatty acids (FAs) are an essential component of the cellular membrane and are an important source of renewable chemicals as they can be converted to fatty
alcohols, esters, ketones, and alkanes, and used as biofuels, detergents, lubricants, and commodity chemicals. Most prior FA bioconversions have been performed on
the carboxylic acid group. Modification of the FA hydrocarbon chain could substantially expand the structural and functional diversity of FA-derived products.
Additionally, the effects of such modified FAs on the growth and metabolic state of their producing cells are not well understood. Here we engineer novel Escherichia
coli phospholipid biosynthetic pathways, creating strains with distinct FA profiles enriched in w7-unsaturated FAs (w7-UFAs, 75%), A5-unsaturated FAs (A5-UFAs,
60%), cyclopropane FAs (CFAs, 55%), internally-branched FAs (IBFAs, 40%), and A5,07-double unsaturated FAs (DUFAs, 46%). Although bearing drastically
different FA profiles in phospholipids, UFA, CFA, and IBFA enriched strains display wild-type-like phenotypic profiling and growth. Transcriptomic analysis reveals
DUFA production drives increased differential expression and the induction of the fur iron starvation transcriptional cascade, but higher TCA cycle activation
compared to the UFA producing strain. This likely reflects a slight cost imparted for DUFA production, which resulted in lower maximum growth in some, but not all,
environmental conditions. The IBFA-enriched strain was further engineered to produce free IBFAs, releasing 96 mg/L free IBFAs from 154 mg/L of the total cellular
IBFA pool. This work has resulted in significantly altered FA profiles of membrane lipids in E. coli, greatly increasing our understanding of the effects of FA structure
diversity on the transcriptome, growth, and ability to react to stress.

1. Introduction saturated FAs, with some unsaturated and cyclopropane FAs, while in

Gram-positive bacteria, varying amount of terminally branched FAs are

A bacterial cell is a tightly controlled, semi-closed system which is
constantly reacting to the effects of an ever-changing environment. The
cellular membrane is the first line of cellular defense, compartmental-
izing the biochemical processes necessary for cell survival (Zhang and
Rock, 2008; Chang and Cronan, 1999). Phospholipids are a major
component of cell membranes and play key roles in cell growth, trans-
port, metabolism, survival, and stress tolerance (Zhang and Rock, 2008;
Sinensky, 1974; Budin et al., 2018). In Gram-negative bacteria, the fatty
acid (FA) profile of lipid membranes mostly consists of straight-chain

observed (Hildebrand and Law, 1964; Bai et al., 2019).

Due to their efficient biosynthesis, microbial FAs have been recog-
nized as important intermediates for the renewable production of bio-
fuels, commodity chemicals, detergents, lubricants, and polymer
precursors (Kim et al., 2019; Abraham, 1995; Akhtar et al., 2013; Carroll
etal., 2016; Jiang et al., 2017; Steen et al., 2010; Yan and Pfleger, 2020;
Peralta-Yahya et al., 2012). Unfortunately, natural microbial FAs exhibit
high melting temperatures, making their derived products suffer from
undesirable properties, such as for bacterial FA-derived biofuels (Jiang
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etal., 2017; Lee et al., 2008; Tao et al., 2015). Bacteria exhibit the ability
to adapt to different environments and growth stages by altering the
composition of their phospholipid FAs (Cronan, 2002; Willdigg and
Helmann, 2021). Escherichia coli ML30, for example, increases the pro-
portion of unsaturated FAs from 47% to 62% when the temperature
drops from 37 °C to 10 °C (Sinensky, 1974). Modulating membrane
composition is an established bioengineering concept called membrane
engineering and has even been used to increase E. coli tolerance to
bioproducts such as carboxylic acids, alcohols, and aromatic com-
pounds, as well as adverse conditions, such as low temperature (Tan
et al., 2016; Dunlop, 2011). Expanding the diversity of bacterial pro-
duced FA-derived products would increase their applicability and value
but necessitates methods to predictably modify the chemical structure of
FA species.

Previous work on engineering free FA (FFA) pathways focused on
modifying the carboxylic acid group (Steen et al., 2010; Schirmer et al.,
2010; Goh et al., 2012; Nawabi et al., 2011) and the o-terminal carbon
to other functional groups (Bowen et al., 2016; Jiang et al., 2015a;
Bentley et al., 2016), or modulating the chain-length of FFAs (Lennen
and Pfleger, 2013). In comparison, altering the internal FA hydrocarbon
chain can provide a new class of renewable compounds for various ap-
plications, but this has been seldom explored. This is potentially because
enzymes responsible for modifying internal hydrocarbon chains only use
phospholipid FAs as substrates (Zhang and Rock, 2008; Grogan and
Cronan, 1997), and modifying the membrane phospholipid can have
significant detrimental effects to cell growth and viability under stressful
conditions (Rowlett et al., 2017). For example, lipid incorporation of
medium-chain FAs that are shorter than native FAs can lead to mem-
brane damage and drastically reduce cell viability (Lennen et al., 2011;
Royce et al., 2013). Similarly, incorporation of exogenously-fed,
non-native polyunsaturated FAs into membrane phospholipids can
change expression of genes related to cellular respiration, membrane
integrity, and oxidative stress (Hobby et al., 2019). Increasing unsatu-
rated FAs (UFAs) in E. coli has been attempted before, however the
limited structural diversity of naturally produced UFAs has relegated
these efforts to monounsaturated FAs and cyclopropane FAs (CFAs)
(Budin et al., 2018; Cao et al., 2010, 2014).

In this study, we introduce engineered phospholipid biosynthetic
pathways into the E. coli chassis to produce bacterial strains with greatly
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diversified, yet highly controllable FA profiles, resulting in FA compo-
sitions substantially different from that of the native cell. These strains
are enriched in ®7-unsaturated fatty acids (07-UFAs; C16:1,A9 and
C18:1, Al11), cyclopropane fatty acids (CFAs; C17:0, cyclo9 and C19:0,
cyclol1l), A5-monounsaturated fatty acids (A5-MUFAs; C16:1, A5),
doubly unsaturated fatty acids (DUFAs; C16:2, A5A9 and C18:2,
A5A11), or internally-branched fatty acids (IBFAs; C17:0 MelO and
C19:0 Me12), with later three types of FAs non-native to E. coli (Fig. 1).
The produced DUFAs and IBFAs (structurally different from tuber-
clostearic acid, C19:0 Mel0) are extremely rare in nature and have only
been identified in trace amounts from the seed of the Ephedra plant and
from sulfide-forming bacteria, respectively (Wolff et al., 1999). We
further investigate the effect of modifying cell FA composition on bac-
terial growth, viability in stressful conditions, and on the metabolic
networks of the cell. CFA- and IBFA-enriched strains exhibited similar
growth rates, cell densities, and responses to environmental stress as
wild-type E. coli under a wide range of conditions. DUFA enrichment
resulted in reduced viability across multiple environmental conditions, a
markedly different transcriptomic profile, as well as lowered cell den-
sities in glycerol and glucose supplemented with high salt. These
designed strains substantially diversify phospholipid FA composition
within E. coli, and through the demonstrated production of free IBFAs
(FIBFAs) create new opportunities in biotechnology as microbial hosts
for chemical production (Tan et al., 2016).

2. Results
2.1. Engineering E. coli to modulate phospholipid profile

Wild-type E. coli K-12 strains contain 30-60% UFAs with a cis double
bond located precisely at the 7 position (07-UFAs) (Bai et al., 2019)
(Marr and Ingraham, 1962) (Cronan and Gelmann, 1973). ®7-UFAs can
be used as intermediates for synthesizing other FA structures such as
CFA and internally branch-chain fatty acids (IBFAs) (Bai et al., 2019;
Shuntaro et al., 2017; Taylor et al., 1981). Accordingly, we started by
engineering E. coli to enrich w7-UFAs in phospholipids. The FA degra-
dation pathway was first deactivated by deleting fadE, whose enzyme
product catalyzes the first step in f-oxidation (Yan and Pfleger, 2020).
To create a strain that produced only ®7-UFAs in addition to saturated

Fig. 1. Engineered pathways for the biosynthesis of
different FAs in membrane phospholipids in E. coli.
0 Each type of FAs is boxed in the same colored as their
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straight-chain FAs, the CFA synthase (encoded by cfa) that converts
®7-UFA to CFA was deleted from the E. coli genome. The resulting strain,
named ©7-UFA-1, significantly increased w7-UFA composition to 50.0
+ 0.4%, in comparison to 31.5 + 1.2% (student’s t-test, adjusted p value
= 0.002) in wild-type E. coli (Fig. 2a). Next, the FA transcriptional
regulator FadR, which activates the expression of two w7-UFA biosyn-
thesis genes fabA and fabB, was overexpressed, significantly increasing
®7-UFA composition to 55.8 + 0.0% (Strain w7-UFA-2) versus WT
(student’s t-test, adjusted p value = 0.002). To further enrich ©7-UFA,
three strategies were explored in parallel to optimize fabA and fabB
expression. In the first strategy, an additional copy of fabB or fabAB was
overexpressed from a plasmid, which increased ®7-UFA compositions to
75.0 + 5.2% (student’s t-test, adjusted p value = 0.007 versus WT) and
72.0 + 2.0% (student’s t-test, p value = 0.002 versus WT), respectively
(Fig. 2a and Fig. S1a). The third strategy involved the deletion of FabR,
another FA transcriptional regulator that represses the expression of
fabA and fabB. Deletion of FabR increased ®7-UFA composition to 69.4
+ 1.0% (student’s t-test, adjusted p value = 0.002). Of these engineered
variants, strain o7-UFA-5 produced the highest w7-UFA titer, reaching
197.7 + 16.3 (adjusted p value < 0.05 versus all strains) mg/L
(Fig. S1a). The titer achieved in this work is 5.7-fold higher than pre-
vious efforts solely relying on overexpression of fabAB alone, which do
not prevent cfa formation (Cao et al., 2010). The enhanced titers pre-
sented here may also be attributed to the overexpression of fadR, which
has been shown to enhance overall titers of FAs through a more global
tuning of FA pathway genes (Zhang et al., 2012).

CFAs are naturally synthesized in E. coli (Fig. 1) and are important for
bacterial resistance to environmental stresses, such as acid and high
osmotic pressure (Chang and Cronan, 1999; Shabala and Ross, 2008).
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However, WT E. coli only accumulates between 2 and 20% of CFAs
during logarithmic growth (Cronan et al., 1974; Cronan, 1968), and our
wild-type E. coli only accumulated 12.5 + 2.3% of CFA in phospholipid
when tested. To enhance CFA composition in phospholipid, we over-
expressed CFA synthase in the fadE-deleted E. coli strain and observed an
increase in the proportion of CFAs to 39.7 + 2.2% (p value = 0.006,
Student’s t-test versus WT), consisting of 29.2 + 2.4% C17:0 CFA and
10.5 + 0.6% C19:0 CFA (strain CFA-1, Fig. 2b) as identified by Gas
Chromatography-Mass Spectrometry (GC-MS) (Figs. S3a-b). CFA is
biosynthesized by methylation of ®7-UFA (Bai et al., 2019). To enhance
the cellular pool of w7-UFA, FabR was deleted and FadR was overex-
pressed. The resulting strain (CFA-2) produces 53.7 + 4.5% CFAs and
19.8 &+ 4.5% »7-UFA. E. coli Cfa methylates ®7-UFA preferably at the
sn-2 position in phospholipids. To convert the remaining »7-UFA to
CFA, the Clostridium butyricum Cfa, which prefers the sn-1 position
(Hildebrand and Law, 1964), was overexpressed. While overexpression
C. butyricum Cfa alone produced 19.2 + 3.9% CFA (strain CFA-3),
coexpression of both E. coli Cfa and C. butyricum Cfa (strain CFA-4)
increased CFA composition to 55.3 & 0.3% (p value = 0.004 Student’s
t-test versus WT), with a titer of 84.7 + 4.7 (p value = 0.003 Student’s
t-test versus WT) mg/L (Fig. S1b).

Internally branched fatty acids (IBFAs) have substantially lower
melting temperatures compared to straight-chain FAs of the same
length, and are thus attractive precursors for jet-fuels, which demand
low freezing points. However, IBFAs are mostly found in Mycobacterium
tuberculosis and a few other Mycobacterium and Rhodococcus species (Bai
et al., 2019; Machida et al., 2017). To produce IBFAs in E. coli, we
overexpressed the R. opacus PD630 IBFA biosynthetic pathway, which
contains a S-adenosyl-l-methionine-dependent methyltransferase (BfaB)
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Fig. 2. Engineering E. coli to produce ®7-unsaturated fatty acids (07-UFAs, a), cyclopropane fatty acids (CFAs, b), Internally branched fatty acids (IBFAs, ¢), doubly
unsaturated fatty acids (DUFAs, d), and A5-unsaturated fatty acids (A5-MUFAs, e) in phospholipids. The engineered biosynthetic pathways are shown on the top of
each figure. Pie-charts indicate the FA composition in the phospholipid of each strain. Genetic changes for each strain are shown under each Pie-chart. - indicates
gene deletion from E. coli’s genome; + indicates the native gene is not deleted; ++ indicates gene overexpression from plasmid DNA.
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and a FAD-binding oxidoreductase (BfaA) (Bai et al., 2019; Machida
et al.,, 2017). The resulting E. coli strain converts palmitoleic acid
(C16:1A9) and vaccenic acid (C18:1A11) to 10-methylhexadecanoic
acid (C17:0Mel0) and 12-methyl octadecanoic acid (C19:0Mel2),
respectively, with a total IBFA composition of 11.7% (Strain IBFA-1,
average of two replicates, Fig. 2¢, Figs. Slc and S4 and S3c-d). To
further increase IBFA composition, Cfa was deleted to avoid competition
with the ©7-UFA precursor, and ®7-UFA biosynthesis was enhanced by
FabR deletion and FadR overexpression. These engineering strategies
led to a gradual increase of IBFA composition up to 30.9 + 1.2% (p
value = 2.0E-04, Students t-test versus IBFA-1). Additionally, BfaAB
enzymes from different microorganisms were screened. The Mycobac-
terium smegmatis enzymes (strain IBFA-5) produced the highest IBFA
composition, up to an average of 39.2 + 1.2% with an IBFA titer of 91.3
+ 4.6 mg/L (p value = 7.1E-05, Student’s t-test versus IBFA-1).

Double unsaturated FAs (DUFAs) are intermediates in the biosyn-
thesis of polyunsaturated FAs that have various health benefits due to
their abilities in scavenging radical species (Richard et al., 2008). To
produce DUFAs in E. coli, we overexpressed the A5-desaturase (encoded
by A5-des) from Bacillus subtilis in the fadE-deleted E. coli strain. The
resulting strain DUFA-1 consists of 16.0 + 0.2% of A5,07 DUFA (mostly
C18:2, A5A11, Figs. S3e-f), 26.3 &+ 1.2% »7-UFA, and 40.9 &+ 0.7% A5
C16:1 UFA (Fig. 2d) Increasing the precursor pool of ®w7-UFAs by Cfa
deletion, FabR knockout, and FadR overexpression increased A5,07
DUFA to 21.3 + 1.0% (p value = 0.007, Student’s t-test versus DUFA-1)
(strain DUFA-2), but at the same time resulting in a high w7-UFA
composition (52.6 + 0.8%), suggesting that the pathway is limited by
the A5-desaturase. A5-desaturase uses a ferredoxin as an electron donor
to reduce C-C single bonds at the A5 position (Chazarretacifre et al.,
2011). To optimize A5-desaturase activity, the ferredoxin gene from
E. coli, B. subtilis, and Anabaena sp. 7120 was individually overex-
pressed. Ferredoxin from either B. subtilis (strain DUFA-4) or Anabaena
sp. 7120 (strain DUFA-5) increased A5,07 DUFA composition to 45.4 +
0.6% (p value = 1.58E-05, Student’s t-test versus DUFA-1) and 44.8 +
3.8% (p value = 0.002, Student’s t-test versus DUFA-1) in phospholipid
with a titer of 151.3 + 3.0 mg/L and 153.9 + 16.2 mg/L, respectively
(Fig. 2d, Fig. S1d).

While most monounsaturated FAs (MUFAs) contain the double bond
at o7 position, double bonds at alternative positions, such as A5, are rare
in nature and have only been found in small amounts (<9%) in B. subtilis
(Wolff et al., 1999) and in the seeds of Brassica species. The unique
double bond position may enable region-selective labeling and other
chemical modifications on FAs for various applications (Bonamore et al.,
2006). To produce A5-MUFA, the B. subtilis A5-desaturase (encoded by
A5-des) was overexpressed in the AfadE-deleted E. coli strain. The
resulting strain (A5-MUFA-1) contains only 7.8 + 1.7% of A5-MUFAs
(Fig. S3g), with 10.4 + 1.1% of w7-UFAs and 18.6 + 1.7% CFAs
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(Fig. 3c). Deletion of Cfa to eliminate CFAs enhanced A5-MUFAs to 39.5
+ 7.4% (p value = 0.0001, Student’s t-test versus MUFA-1). To further
increase the proportion of A5-MUFAs, we aimed to decrease o7-UFA
biosynthesis by repressing the expression of fabA and fabB. As low levels
of ®7-UFAs are required for cell growth, we reduced fabA and fabB
expression using CRISPR interference (CRISPRi) (Cronan and Gelmann,
1973; Qi et al.,, 2013). Small guide RNAs (sgRNAs) targeting four
different regions of both the fabA and fabB operons were designed to
search for the most optimal level of repression (Fig. 3a). Constitutively
expressed sgRNAs were introduced on a plasmid to w7-UFA strains
harboring a dCas9 gene. Fermentation of the resulting strains showed
that a sgRNA targeting nucleotides 484-504 (approximately the middle)
of the fabB coding region was the most effective in decreasing o7-UFA
composition (Fig. 3b). This sgRNA was then expressed in the A5-MUFA
strain. The resulting strain (A5-MUFA-3) has 60.0 + 0.1% of A5-MUFA
in phospholipid FAs, with only 26.4 + 0.4% native ©7-UFA. Additional
overexpression of ferredoxin from either E. coli, B. subtilis, and Anabaena
sp. 7120 reduced A5-MUFA composition (Fig. 3c, Fig. S2), suggesting an
imbalanced redox potential.

2.2. Phospholipid profile analysis of the IBFA-producing strain

After obtaining diverse FA profiles in phospholipids, it is interesting
to know how these uncommon FAs are distributed between different
phospholipid species, as that can illuminate the substrate specificity of
FA-modifying enzymes. In wild-type E. coli, phospholipid biosynthesis
starts from acylation of glycerol-3-phosphate at both sn-1 and sn-2 po-
sitions to form phosphatidic acid (PA). PA is then converted to CDP-
diacylglycerol (CDP-DAG) followed by exchanging the head group to
phosphatidylethanolamine (PE, ~70%), phosphatidylglycerol (PG,
~25%), cardiolipin (CL, ~4%), and phosphatidylserine (PS, 0.1% of
phospholipid) (Hawrot and Kennedy, 1978) (Fig. 4a) (Rowlett et al.,
2017; Parsons and Rock, 2013). While the phospholipid substrates for
CFA and A5-desaturase have been elucidated in previous studies (Hil-
debrand and Law, 1964; Altabe et al., 2003; Feng and Cronan, 2009),
phospholipid substrates for the IBFA pathway remain unknown. To
identify the profiles of IBFA on different phospholipids and their
sn-positions, we performed lipid analysis of the IBFA-rich strain
(IBFA-5) using liquid chromatography-mass spectrometry (LC-MS/MS).
The results showed that there was no detectable IBFA in PA, CDP-DAG,
and CL. The percentage of IBFA in PG, was significantly higher than PE,
or PS: 57.0% =+ 0.17, 41.0% =+ 1.01, and 39.1% =+ 2.63 (adjusted p
values < 0.05) respectively (Fig. 4b).

Further analyses of the sn-positions of IBFAs identified a higher
methylation activity at the sn-1 position than that of the sn-2 position for
each phospholipid (Fig. 4c). At the sn-1 position, 95.4% =+ 0.2 of w7-
UFAs were converted to IBFAs in PG, and 85.0% 4+ 2.8 and 79.0% =+ 0.7
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®7-UFAs. Error bars represent standard deviation measured from biological triplicates. ¢, The production of A5-MUFA in different engineered strains.
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Fig. 4. Lipid profile analysis of the IBFA-enriched strain IBFA-5. a, The biosynthesis pathway of major phospholipid species in E. coli. b, The distribution of IBFA in
different phospholipid species in engineered strain. ¢, The methylation efficiency of BfaB as calculated from the ratio of IBFAs to UFA equivalent in different
phospholipid species. d, The content of IBFAs in different position of different phospholipids. PS: Phosphatidylserine; PE: Phosphatidylethanolamine; Phosphati-
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phatidylglycerolphosphate synthase; PgpA/B/C: phosphatidylglycerolphosphate phosphatase; Cls: cardiolipin synthase; CDP-DAG: cytosine diphosphate-

diacylglycerol.

of conversion were obtained for PE and PS, respectively. At the sn-2
position, the w7-UFA to IBFA conversion ranged from 45.7% + 1.1,
50.4% =+ 1.65, 66.5% =+ 0.5 for PE, PG, and PS respectively (Fig. 4c),
suggesting the IBFA pathway prefers ®7-UFAs at the sn-1 position of
phospholipids. However, the total contents of IBFAs at the sn-1 position
(PE = 31.6% =+ 0.5, PG = 44.5% + 1.5, and PS = 35.4% + 0.9) are lower
than that at the sn-2 position (PE = 50.4% =+ 1.6, PG = 68.1% =+ 4.1, and
PS = 45.0% + 0.7) for each phospholipid (adjusted p values < 0.05)
(Fig. 4d).

2.3. Phenotypic profiling of engineered strains with diverse FA profiles

Engineered bioproduction strains often suffer from reduced cell
growth and altered metabolism in comparison to their wild-type coun-
terparts (Falls et al., 2014; Oyarzin and Stan, 2013; Dunlop et al., 2010).
Here we have created several strains with drastically different FA pro-
files in phospholipids compared to that of wild-type E. coli. We next
examined whether these modified FA profiles would affect metabolic
activity and cell growth. To test this, we performed phenotype micro-
arrays by cultivating the engineered strains which produced the highest
titers of ®7-UFA (07-UFA-5), CFA (CFA-4), IBFA (IBFA-5), and DUFA
(DUFA-5) in 96 different growth media and conditions such as different
carbon sources, organic acids, salts, pH, reducing power, and antibiotics
(Fig. S4). Screening of these strains revealed that the IBFA- and
CFA-enriched strains have similar growth and metabolic characteristics

compared to the control E. coli strain without phospholipid FA modifi-
cation (Fig. 5a, Supplementary Table 4, Supplementary Table 5). Out of
the 96 tested growth media and conditions, the IBFA- and CFA-enriched
strains have more than 2-fold difference in cell densities in only 5
(reduced growth in 8% NaCl, fusidic acid, vancomycin, lithium chloride,
and sodium butyrate) and 1 (sodium bromate) conditions, respectively
(Supplementary Table 5). Metabolic activities under these conditions
were measured using a tetrazolium redox dye to track oxidative phos-
phorylation activity. Both IBFA- and CFA-enriched strains exhibited
similar metabolic activity to those of the control E. coli strain, with only
6.3% and 10.4% of conditions displaying more than 2-fold difference.
Interestingly, only the CFA-enriched strain exhibited any increased
metabolic  activity, under 10 conditions: Dextrin, N-ace-
tyl-p-D-Mannosamine, 3-Methyl Glucose, 1% sodium lactate, L-arginine,
L-Glutamic acid, L-Pyroglutamic Acid, Glucuronamide, Quinic acid,
D-Lactic acid Methyl Ester (see Supplementary Table 4 for all condi-
tions). Of the 10 conditions with enhanced respiratory activity for CFA,
6 are carbon source conditions which can also be used as a nitrogen
source (N-acetyl-B-D-Mannosamine, L-arginine, L-glutamic acid,
I-pyroglutamic acid, Glucuronamide), or are amino acid precursors
(Quinic acid). This did not correlate with any increased growth in those
conditions. The ®w7-UFA- and DUFA-enriched strains had reduced
metabolic activities and lower cell density for 59.4% (57/96) and 74.0%
(71/96) of the tested conditions, respectively.

Additionally, these strains were cultivated in parallel under different
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Fig. 5. Phenotypic profiling of engineered strains with diverse FA profiles. a, Metabolic activity (top) and Cellular Growth (bottom) across 96 metabolic conditions.
Measured Activity is compared against WT strain measured under same conditions. b&c, Average growth curves of biological triplicates in select challenge conditions
of engineered strains (WT, black; w7-UFA-5, blue; CFA-4, yellow, IBFA-5, purple; DUFA-5, green).

stress conditions (Fig. 5b, Fig. S5) and in different commonly used
carbon sources (Fig. 5c, Fig. S5). Mutant strains reached an estimated
maximal growth rate lower than WT when grown in glucose, glucose
supplemented with amino acids, and high salt. Mutant strains reached
similar maximal growth rates compared to the control strain when
grown in glucose supplemented with sodium lactate, sodium L-lactate,
or in low pH, or grown in glycerol (Fig. S6, Fig. S7), confirming that
these modifications in phospholipid FAs are tolerated by the E. coli
chassis under controlled laboratory conditions. There were no signifi-
cant differences between the maximal cell density reached by WT and
any of the mutant strains (Fig. S8, Table S6).

2.4. Transcriptomic profiling of engineered strains with diverse FA profiles

Given the aforementioned difference in metabolic burden imposed
on the E. coli chassis between the IBFA-, CFA-, and DUFA-enriched
strains, we next investigated genome-wide expression changes in all
strains compared to the UFA-enriched strain (control). To identify the
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effect of altering FA composition on the transcriptome at different
growth phases, we sampled liquid cultures of each strain at 3 time
points: 4, 8, and 24 h. A biplot of the principle component analysis of the
500 most variable genes shows that ellipses generated from control,
IBFA, and CFA conditions vary along principle component PC2 (Fig. S9).
This confirms that the transcriptional state of the UFA, CFA, and DUFA
expressing strains were very similar across time (adjusted p value > 0.05
[PERMANOVA], Table S8). The DUFA samples did not follow this
relationship, instead varying along PC1, with the DUFA-enriched sam-
ples at 4- and 8- hours clustering together away from samples of other
strain at similar time points. PERMANOVA comparison of all DUFA
samples compared to samples of other strains confirmed a significant
difference in variance over time (adjusted p value < 0.05 versus all other
strains, Table S8). Additionally, examining the 40 most variable genes
across time identified marked upregulation of the valU, valX, valy, lysZ,
lysQ, and lysY genes, all members of the aminoacyl-tRNA synthesis
pathway (Fig. S10), in the DUFA-enriched strain.

In order to understand the effects of these alterations on the E. coli



W. Bai et al.

chassis, we compared the most highly significant and differentially
abundant transcripts within the E. coli genome (here defined as < 0.01
adjusted p [Deseq2] and >3 log fold-change) for the CFA, IBFA, and
DUFA strains versus UFA, and compared the shared and unique genes
within these sets at 4 h, during mid-log growth phase (Fig. 6a). Over
78% (393) of the high differentially expressed (DE) genes were unique to
the DUFA, while there were only 3 genes shared amongst all strains:
ybdL, metF, and metA. Comparing the genes unique to each comparison,
we found that CFA and IBFA each had less than 30 unique DE transcripts
compared to UFA, among which were only two transcriptional regula-
tors: ygeV (CFA) and araC (IBFA) (Fig. 6b). Comparatively, DUFA
overexpression resulted in 26 DE transcriptional regulators. There was
significant upregulation of genes known to produce stress-related tran-
scriptional cascades such as soxR/S, marA/R. We also observed DE in
several transcriptional regulators known to affect metal homeostasis,
such as overexpression of fur, the ferric uptake regulator, and metJ,
which drives repression of the sulfurous amino acid methionine. Further
investigation revealed that the iron acquisition/uptake genes regulated
by fur were differentially expressed (Fig. S11). Finally, we examined the
DE in genes from the central metabolic pathways of glycolysis, citrate
(TCA) cycle, and fatty acid biosynthesis for differences between the UFA
and the other strains at 4 h (Fig. 6¢). As was seen with the differential
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expression analysis, the DUFA-enriched strain exhibited strong upre-
gulation in these pathways (37 of 89 total genes, or 42%), specifically in
TCA cycle genes, including upregulation of the complete sdh operon
(also a part of the fur regulon, see Fig. S11), and downregulation of many
genes in the glycolysis pathway. IBFA and CFA production only resulted
in upregulation of 17 (19%) and 23 (26%) of genes within the three
pathways, respectively.

2.5. Engineering E. coli for production of free IBFAs

To demonstrate these engineered strains are useful for production of
non-common FAs, we attempted to engineer the high IBFA content
strain (IBFA-5) to produce free IBFAs (FIBFAs). FIBFAs can be readily
converted to esters (Kim et al., 2019), alkanes (Schirmer et al., 2010), or
alcohols (Jiang et al., 2018) with drastically reduced melting tempera-
ture compared to their straight-chain or even terminally-branched
counterparts and used as jet fuels or low-temperature lubricants (Bai
et al., 2019). Production of FIBFA in engineered microbial hosts have
not been previously reported.

FIBFAs can be released from phospholipid by phospholipases that
hydrolyze the ester bonds in glycerophospholipids (Ramrakhiani and
Chand, 2011). Wild-type E. coli has one outer-membrane-bound

Fig. 6. Transcriptomic profiling of engineered strains
with diverse FA profiles. a. A Euler diagram showing
the intersect and union of the highly DE genes in CFA,
IBFA, and DUFA producing strains compared to UFA
at 4 h. b. Barplot showing the log fold change for
every transcriptional regulator within the set of
highly DE genes unique to one strain from 6. Color
represents the strain they were found to be highly DE
in. ¢. Map of differentially expressed genes within the
fatty acid biosynthesis, TCA cycle, and glycolysis
KEGG pathways. The shapes next to each gene of the
pathway represent the three strains, while the color
represents the magnitude and direction of differential
expression.
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phospholipase PIdA (encoded by pldA) and an inner-membrane-bound
phospholipase P1dB (encoded by pldB, Fig. 7a) (Karasawa and Nojima,
1991). PIdA and PIdB specifically hydrolyze the FA ester bond at either
sn-1 or sn-2 position of phospholipids, respectively (Ramrakhiani and
Chand, 2011). Additionally, the inner-membrane-associated phospho-
lipase LipC (encoded by IlipC) from B. subtilis can hydrolyze the FA ester
bond at both sn-1 and sn-2 positions (Masayama et al., 2010; Hari et al.,
2018). We first separately overexpressed pldA, pldB, and lipC in the
IBFA-enriched strain IBFA-5 that contains 40% IBFAs in phospholipids.
The fermentation results showed that expression of pldA, pldB, or lipC
produced 355.3 mg/L, 150.6 mg/L, and 433.3 mg/L of free FAs (FFAs),
respectively, confirming their phospholipase activities (Fig. 7b). While
the pldA-expressing strain has a slightly higher IBFA fraction in phos-
pholipids (44%, v.s. 40% in the strain without phospholipase over-
expression), the pldB- and lipC-overexpressing strains have lower IBFA
fraction in phospholipids (24% and 33%, respectively). This is likely
caused by the spatial competition between the methyltransferase BfaB
with pldB or lipC for access to inner membrane phospholipids (Karasawa
and Nojima, 1991; Masayama et al., 2010). As inner-membrane-bound
or -associated proteins, pldB or lipC may block BfaB from methylating
phospholipids in the cytosolic compartment. When free IBFAs were
quantified, while the pldB-overexpressing strain failed to produce any
FIBFA, the pldA and lipC-overexpressing strains produced 80 mg/L and
35 mg/L FIBFAs, respectively. Next, pldA and lipC were coexpressed.
Although the titer of total FFAs was increased to 509 mg/L, FIBFA titer
was decreased compared to the strain only expressing pldA, further
suggesting that overexpression of inner-membrane-bound proteins
hinder BfaB from methylating phospholipids. Thus, we focus on the
strain that only expressed pldA.
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Next, we targeted to the transmembrane allocation of FFAs. As an
outer-membrane enzyme which faces the periplasm, P1dA hydrolyzes PE
to 2-acylglycerophosphoethanolamine (2-acyl-GPE) and FFAs, both of
which could be transported into the cytosol. In the cytosol, acyl-ACP
synthetase (AAS, encoded by aas), has 2-acylglycerophosphoethanol-
amine acyltransferase activity and can acylate 2-acyl-GPE back to PE
(Hsu et al., 1991; Jackowski and Rock, 1986) (Fig. 7a). To prevent this
futile cycle, the aas gene was deleted, resulting in increased titers for
both FFA (by 29%-507.0 mg/L) and FIBFAs (by 12%-86.9 mg/L)
(Fig. 7d). Additionally, periplasmic FFAs can be transferred into the
cytosol and simultaneously activated to acyl-CoA by FadD (encoded by
fadD). Although acyl-CoA cannot be degraded in our engineered strain
due to the deletion of the B-oxidation enzyme FadE, it can be incorpo-
rated back into the phospholipids in the inner membrane by PlsB and
PIsC (Parsons and Rock, 2013; Hsu et al., 1991) (Fig. 7a). To prevent
this, fadD was also deleted. The resulting strain FIBFA-8 further
increased FFAs up to 623.4 mg/L and FIBFAs up to 96.3 mg/L (Fig. 7c).

3. Discussion

In altering the FA-profiles of E. coli, we produced significant in-
creases in multiple forms of highly desirable precursor molecules. In
addition, we gained substantial knowledge pertaining to the effects of
altered FA composition on metabolism, growth, and the transcriptional
network of the cell. Increasing ®7-UFA biosynthesis is a necessary pre-
cursor to synthesis of CFAs and IBFAs, and thus a similar strategy was
applied to all the strains produced in this study: 1) isolating FA
biosynthesis from the degradation pathway via deletion of fadE, 2)
deletion of the native CFA biosynthesis gene, 3) deletion of fabR, and 4)
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overexpression of fadR, the main transcriptional regulator for FA
biosynthesis (Zhang et al., 2012). Surprisingly, overexpression of fabA or
fabAB yielded similar relative proportions of ®7-UFA. The lack of dif-
ference between the two suggest that the rate-limiting step of ©w7-UFA
biosynthesis is catalyzed by FabB, rather than FabA, which is consistent
with previous reports (Zhang et al., 2012). Overexpression of fabB or
fabR has been attempted before (Santoscoy and Jarboe, 2021), and in
one study produced a similar percentage of total UFA content (Budin
et al., 2018); however, it is unclear whether a similar yield of UFA is
possible without + fadB/AfabR in tandem. In the end, deletion of fabR
alone produced the highest w7-UFA titers of all engineered strains
(Fig. 2a), (Zhang et al., 2012) suggesting that regulatory control of fabR
is extremely tight and can continue to limit overall FA production even
when FA synthesis has been overexpressed. A comparison of our engi-
neering strategies with previous works for increasing UFA fraction is
provided in Supplementary Table S7.

Once the MG1655AfadEAcfaAfabR + fadR genetic chassis was
established, strains optimized for increased CFA, IBFA, and DUFA syn-
thesis were produced by introduction of only two extra genes each.
Though cyclopropanation increased the metabolic activity of E. coli in
multiple tested carbon sources, increased CFA production did not result
in improved growth rate when grown in high salt conditions, suggesting
overproduction of CFA still imposes a significant burden on the cell
when compared to WT; instead, it performed similarly to the other
engineered strains. Interestingly, the CFA overproducing strain dis-
played fewer growth defects compared to strains with increased UFAs
and DUFAs (Fig. 5a), yet still displayed a similar expression profile to the
UFA strain at all time points (Fig. S9). These results indicate that the
expression profile shared by increased UFA, CFA, and IBFA synthesis
could be driven by increased energy demand versus FA specific regu-
lation. In turn, the induction of growth defects in the diverse environ-
mental conditions shared by UFA and DUFA overproduction are likely
not related to regulation or increased energy demand, but instead to
changes in membrane permeability and structure. E. coli has been shown
to be able to survive on a wide range of UFA as a percentage of total FAs
(Sinensky, 1974; Budin et al., 2018). It remains to be seen whether WT
E. coli strains with higher natural levels of UFA or CFA would better
tolerate overproduction of either of these FAs.

Besides the above-mentioned modified FAs in phospholipid mem-
brane, some Gram-positive bacteria can also produce internally IBFAs
(Bai et al., 2019; Machida et al., 2017). The best characterized internally
IBFA is tuberculostearic acid (TSBA, 10-methylstearic acid) which is
found in phospholipids (such as phosphatidylethanolamine, phosphati-
dylinositol, and diphosphatidylglycerol) and glycolipids (such as phos-
phatidylinositol =~ mannosides and  lipoarabinomannans) in
Mycobacterium tuberculosis and related species (Lennarz et al., 1962;
Bansalmutalik and Nikaido, 2014). Though the biosynthesis mechanism
is still not fully understood, it was speculated that TSBA is synthesized
from oleic acid by a two-step process of methylenation and reduction,
which is catalyzed by an S-adenosyl-L-methionine (SAM)-dependent
methyltransferase (BfaB, encoded by bfaB) and a FAD-binding oxido-
reductase (BfaA, encoded by bfaA), respectively (Bai et al., 2019;
Machida et al., 2017). However, these two enzyme’s direct substrates
are still not confirmed. Our analysis of the LC-MS/MS results detected
IBFA only in PG, PE, and PS; this suggests that the substrate of the IBFA
pathway are likely PS, PE, and PG, but not PA, CDP-DAG, or CL. The
significantly higher observed IBFA content in PG compared to PE and PS
is likely caused by the dynamic distribution of phospholipids between
the inner and outer membrane (Bayer and Bayer, 1985). As the IBFA
synthesizing proteins BfaA and BfaB were not predicted to contain any
predicted secretion tags or transmembrane sequences (Fig. S11), the
IBFA pathway most likely methylates phospholipid FAs in the inner
membrane, which then diffuse to the outer membrane. Because PG is
enriched in the inner membrane, limits in phospholipid transfer between
two membranes can cause a higher IBFA content in PG than that in PS or
PE (Bayer and Bayer, 1985). The almost complete conversion of PG from
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UFA to IBFA at the snl position of phospholipids suggests that the IBFA
pathway prefers ®7-UFAs at the sn-1. Integration of the IBFA pathway
incurred little to no metabolic burden, and the expression profile did not
differ from UFA, or CFA, indicative that the E. coli chassis was able to
integrate a novel phospholipid species. These results also reveal the
substrate specificity of IBFA pathway and the distribution of IBFAs in
each phospholipid species. Such knowledge can be used to guide future
engineering efforts to further tailoring and increasing IBFA content.

Coupling the phenotypic data with the transcriptomic data, we
demonstrate the ability of the E. coli chassis to tolerate CFA and IBFA
induced changes while also not incurring greater metabolic costs. Syn-
thesis of the novel DUFA-enriched strain however, resulted in an altered
transcriptional state, decreased stress tolerance as compared to UFA,
CFA, and IBFA, and significant metabolic alteration in the host. This
resulted in 26 highly DE transcriptional regulators unique to DUFA
production, such as redox stress regulating genes soxR/S as well as fur,
the iron regulation repressor, which is itself known to be regulated by
s0xR/S% (Hantke, 2001). Production of DUFA required overexpression
of ferredoxin, and we found many of the iron transport and utilization
genes commonly expressed during iron-starvation conditions, such as
the ent, fec, fep, and fhu operons (Seo et al., 2014), to be significantly
upregulated. The increased need for iron could be redirecting resources
needed for other cellular processes, resulting in activation of the fur
iron-starvation transcriptional cascade of and the soxR/S stress response
regulon; fur modulate expression of at least 81 gene targets, and indi-
rectly regulates hundreds more (Seo et al., 2014), at the cost of signifi-
cant intracellular resources. Afur/ArhyB has been shown to rescue
expression of the fur regulated sdh TCA cycle genes and sodB (Massé and
Gottesman, 2002) while also increasing expression of iron uptake and
acquisition systems in the presence of iron, and is a possible target for
further genetic manipulation to minimize the trade-of between DUFA
production and growth.

The cell likely attempts to buffer the changes to FA composition by
inducing a natural metabolic response to allow for a similar maximal
growth rate during the phenotypic growth assays. Upregulation of the
sdh operon generates the sSRNA sdhX, and is theorized to act as a meta-
bolic “overflow” mechanism to shunt acetyl-CoA into acetate for
excretion in aerobic conditions in the presence of glucose during high
TCA cycle expression (De Mets et al., 2019). Increased sdh expression
and evidence of overflow metabolism has also been reported in E. coli
designed for increased FFA production, further defining the important
relationship between acetyl-CoA partitioning and the production of FFA
(Youngquist et al., 2017). DUFA-enrichment resulted in increased
expression of the entire sdh operon, likely buffering the metabolic
burden of double-bound FA production via the aforementioned mech-
anism. Overall, though growth rate was affected in some conditions, the
E. coli chassis largely tolerates DUFA-enrichment and other changes in
lipid profiles, while continuing to maintain normal final cell density for
all environmental conditions tested.

Future work is needed to elucidate the effects of MUFA- and FIBFA-
enrichment on stress tolerance and the transcriptional state of the cell.
The initial results indicate that sgRNAs are an excellent method for
targeted repression of UFA biosynthesis in E. coli; however, more rounds
of engineering may further reduce metabolic burden. Alternatively,
FIBFA enrichment required the co-expression of two plasmids, and thus
likely induces a greater stress on the expression profile of the cell. The
use of sophisticated tools such as metabolic flux analysis could identify
further refinements for reducing the effects of both increased expression
and altered FA profiles on the host (Ando et al., 2018; He et al., 2014).

Overall, this work details the synthetic alterations which enabled the
production of altered FA profiles, tailored towards the generation of
highly valuable precursor molecules, some of which (e.g, MUFAs,
DUFA, IBFAs) have never been produced in the E. coli before. We
demonstrate that while some of these genetic changes do result in
decreased stress tolerance, there is evidence that expression driven
regulation of metabolic networks induces a transcriptional response
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which allows strains producing UFA, CFA, and IBFA to exhibit a similar
expression profile. In addition to creating these novel strains, our work
also identified the substrates for the M. smegmatis IBFA biosynthesis
pathway. This represents a substantial increase in knowledge concern-
ing the effects of FA composition on the bacterial cell, and on the
effective generation of high FA-titer producing E. coli.

4. Methods
4.1. Reagents

Phusion DNA polymerase was acquired from New England Biolabs
(Beverly, MA, USA). Restriction enzymes and T4 DNA ligase were pur-
chased from Thermo Fisher Scientific (Waltham, Massachusetts, USA).
Oligonucleotide primers were synthesized by Integrated DNA Technol-
ogies (Coralville, IA, USA). Standard 10-methyloctadecanoic acid and
10-methylhexadecanoic acid were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA) and Matreya company, (State college, PA,
USA), respectively. Bacterial acid methyl ester mixture standards,
C4-C24 even carbon saturated FAMEs, GLC-50, GLC-90, and all the
other reagents were purchased from Sigma Aldrich (St. Louis, MO, USA).

4.2. Strains and plasmids

All strains and plasmids used in this study are listed in Supplemen-
tary Tables 1 and 2 E. coli DH10f was used for gene cloning and E. coli
MG1655AfadE was used for FA production. E. coli and B. subtilis genes
were amplified from their genome by colony PCR using primers listed in
Supplementary Table 3. All other genes were codon-optimized for E. coli
expression and chemically synthesized by Integrated DNA Technologies
(Coralville, IA, USA). All plasmids were constructed using standard
Golden-Gate DNA assembly method (Engler et al., 2008). The cfa, fabR,
aas and fadD genes were deleted from E. coli genome following a
CRISPR/Cas9 gene replacement method (Jiang et al., 2015b). All de-
letions were confirmed by colony PCR. Repression of fabA and fabB
genes was achieved using a CRISPR interference (CRISPRi) method, by
expressing constitutively sgRNAs from plasmids (Qi et al., 2013). Plas-
mids were transformed into electro-competent strains by electropora-
tion and selected on LB agar plates with proper antibiotics (ampicillin,
100 mg/L; kanamycin, 50 mg/L; chloramphenicol, 34 mg/L; spectino-
mycin 60 mg/L).

4.3. Fermentation

For each transformant, 3 different colonies were selected and used to
inoculate 3 ml LB medium with proper antibiotics. The overnight cul-
tures 1% (v/v) were then used to inoculate 20 ml of modified M9 min-
imal medium (containing 75 mM MOPS at pH7.4, 2 mM MgSOy4, 1 mg/
Lthiamine, 10 pM FeSOy4, 0.1 mM CaCl; and micro nutrients including 3
pM (NH4)gMo07024, 0.4 mM boric acid, 30 pM CoCly, 15 pM CuSOy4, 80
pM MnCly, and 10 pM ZnSO4) with 2% glucose, 0.5% yeast extract, and
corresponding antibiotics in 250 ml flask. When ODggg reached 0.6-0.8
at 37 °C, inducer (0.8% Arabinose, 0.5 mM Isopropyl B-D-1-thio-
galactopyranoside(IPTG), 2 pM anhydrotetracycline) was added and the
cell cultures were grown at 18 °C for 48 h (w7-UFA, CFA, DUFA) or 30 °C
for 24 h (A5-MUFA, IBFA). After fermentation, cells were harvested for
FA quantification.

4.4. Quantification of total FAs

The amount of total FAs was quantified using previously published
method (Folch et al., 1957). In detail, 1 ml of cell culture was pelleted
and added with 1 ml chloroform, 1 ml of 15% (v/v) H,SO4/methanol,
and 40 mg/L of nonadecanoic acid as an internal standard and the
mixture was heated at 100 °C for an hour for transesterification. Reac-
tion mixture was then cooled on ice for 5 min, followed by the addition
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of 1 ml purified water followed by vigorous shaking for 1 min (30
s/once, twice). The organic phase containing fatty acid methyl esters
(FAMEs) was isolated and directly analyzed using a gas chromatograph
(GC) (Hewlett-Packard model 7890 A, Agilent Technologies) equipped
with a 30 m DB5-MS column (J&W Scientific) and a mass spectrometer
(5975C, Agilent Technologies) or a Flame Ionized Detector (FID) (Agi-
lent Technologies). The column was equilibrated at 80 °C for 1 min,
followed by a ramp to 300 °C at 20 °C/min, and was then held at 300 °C
for 3 min. FA species were identified by comparing their retention times
to those of standard FA methyl esters (Bacterial Acid Methyl Ester Mix,
Sigma Aldrich) and by comparing their mass spectra to the Probability
Based Matching (PBM) Mass Spectrometry Library. C18:2, A5A11 was
identified by comparing GC-MS spectra of efedrenic acid methyl ester to
the published spectra (Bonamore et al., 2006). FA concentrations were
quantified by comparing the area of each FAME peak to a standard curve
generated using standard FAME mixtures (C4-C24 even carbon satu-
rated FAMEs, GLC-50, GLC-90). The titer of FAs for each strain was
measured in biological triplicates.

4.5. Quantification of membrane lipids

Membrane lipids were extracted using Bligh and Dyer lipid extrac-
tion protocol (Bligh and Dyer, 1959). In detail, cells from 3 ml culture
were collected and washed with 0.6% LiCl for 3 times. The pellet was
resuspended into 3.8 ml of a MeOH/H50/CHCl3 (2:0.8:1, v/v/v) solu-
tion, followed by sonication for 30 s on ice. Then, 1 ml CHCI3 and 1 ml
0.63% LiCl were added into the cell lysate. After vigorous shaking for 30
s, the mixture was centrifuged at 800 g for 5 min. The bottom chloro-
form phase that contains the extracted lipids was transferred into a GC
vial using a long Pasteur pipet. The remaining aqueous solution was
extracted again using 1 ml of fresh chloroform. To determine the amount
of FAs in membrane lipids, the extracted FAs were converted to FAMEs
using the above-mentioned method, followed by GC-FID quantification.

4.6. High resolution mass spectrometric analysis of IBFA strain cell
membrane

Profiling and structural characterization of phospholipids with high
resolution (R = 100,000 at m/z 400) mass spectrometry were performed
on a Thermo Scientific (San Jose, CA) LTQ Orbitrap Velos mass spec-
trometer (MS) with a built-in syringe pump system operated by Xcalibur
operating system. A 50 pl/min solvent (methanol with 0.5% NH4OH)
was continuously infused into the ESI source and samples in methanol
(10 pl) were flow injected. The skimmer of the ion source was set at
ground potential, the electrospray needle was set at 4.0 kV, and tem-
perature of the heated capillary was 300 °C. The automatic gain control
of the ion trap was set to 5 x 10 (Budin et al., 2018), with a maximum
injection time of 100 ms. Helium was used as the buffer and collision gas
at a pressure of 1 x 1072 mbar (0.75 mTorr). The MS™ experiments were
carried out with an optimized relative collision energy ranging from 25
to 40% and with an activation q value at 0.25. The activation time was
set for 10 ms to leave a minimal residual abundance of precursor ion
(around 20%). The mass selection window for the precursor ions was set
at 1 Da wide to admit the monoisotopic peak to the ion-trap for
collision-induced dissociation (CID) for unit resolution detection in the
ion-trap or high-resolution accurate mass detection in the Orbitrap mass
analyzer. Mass spectra were accumulated in the profile mode, typically
for 3-10 min for MS" spectra (n = 2,3,4). The structural assignments of
phospholipid species are based on the MS" spectra previously
described®* 78 (Hsu and Turk, 2009)

4.7. Quantification of FFAs
The concentration of FFAs was determined using the previous pub-

lished method (Bentley et al., 2016). In detail, 0.5 ml of cell culture was
harvested and acidified with 50 pl of 12 N HCl., The mixture was
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extracted twice with 0.5 ml ethyl acetate, which was spiked with 20
pg/ml of nonadecanoic acid (C19:0) as an internal standard. FFAs were
derivatized to FAMEs by adding 90 ul methanol, 10 pl 12 N HCl, and 120
pl trimethylsilane-diazomethane. The mixture was incubated at room
temperature for 10 min. FAMEs were analyzed using GC-FID.

4.8. Metabolic profiling assays

Colonies from fresh transformation were used to inoculate 3 ml of LB
medium with relevant antibiotics and grown at 37 °C overnight. The
overnight culture was used to inoculate 5 ml of modified M9 minimal
medium supplemented with 2% glucose, 0.5% yeast extract, 0.8%
arabinose (inducer) and corresponding antibiotic. Cells were incubated
at 18 °C for 42 h (w7-UFA, CFA, DUFA), or 30 °C for 18 h (WT, IBFA).
Cells were diluted 1% in fresh modified M9 and fermentation continued
for another 6 h to mid-exponential growth (ODggp at 0.6-0.8). For
metabolic profiling assays, cells were harvested and washed twice in PBS
via centrifugation at 4000 rcf, 2 min, then resuspended in Inoculating
Fluid-A (IF-A, Biolog, Hayward, California, USA) with 0.008% arabinose
and corresponding antibiotic. Cells were transferred to a GEN III
microplate (Biolog, Hayward, California, USA) and cultivated from a
starting ODgg of 0.01 at 30 °C (for all strains) for 16 h. Absorbance
measurements at 590 nm (metabolic activity) and 750 nm (cell growth)
were made using an Infinite F200PRO plate reader (TECAN, Mannedorf,
Switzerland).

4.9. Time course growth assays

For time course growth assays, cells were harvested and washed
twice in modified M9 with 0.04 arabinose and 5x antibiotic without any
other carbon source. Cells density was normalized to ODggg of 0.2, then
diluted 5-fold into modified M9 supplemented with carbon, amino acids,
and/or harsh condition challenges in a 96-well imaging microplate
(Corning, Corning, New York, USA). For cultures with amino acids, the
concentrations of the 20 amino acids were standard for EZ rich medium.
Plates were measured and incubated in an Infinite F200PRO at 30 °C
with 3 mm orbital shaking. Absorbance measurement at 600 nm were
made every 10 min for 24 h. Data was imported into R (v4.1.0). Max OD
was calculated for each replicate using the max() function in R and
averaged across triplicates for each condition. Maximal growth rate was
estimated by taking the first derivative of the growth curve and fitting a
loess regression. The span which resulted in the lowest sum of squared
error was selected for each regression, and the max value of that
regression and the confidence interval calculated at that point was used
for comparisons between strains.

4.10. Transcriptomics analysis of IBFA-overproducing strain — sample
collection

The high IBFA content strain IBFA-5 and the control strain ©7-UFA-5
were cultivated in modified M9 minimal medium as described above.
After induction for 4 h, 8 h, and 24 h, 2 ml of cell culture was harvested.
Cell pellet was collected by centrifuge at 13,000 g for 2 min, and gently
resuspended in 500 pl RNAlater buffer. The resuspension was incubated
at room temperature for 20 min and immediately frozen in liquid
nitrogen.

4.11. Transcriptomics analysis of IBFA-overproducing strain — RNA
extraction and cDNA synthesis

Total genomic material (DNA/RNA) was extracted from frozen cell
suspensions using the Quick-RNA fungal/Bacterial Miniprep Kit (Cata-
log #R2014) from Zymo Research. Cell lysis was conducted using a
MiniBeadBeater 24 manufactured by Biospec products for 1.5 min at
medium speed. DNA was removed using a modified protocol from the
TURBO DNase kit: one round of digestion was immediately followed by
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spiking in the same amount of DNase and another successive round of
heat treatment. Samples were then concentrated and purified using the
RNA Clean & Concentrator (Catalog #11-325). Sample total RNA con-
centrations were measured using a NanoVue (General Electric). We
checked for gDNA contamination via PCR of 0.5 pl of sample using a
primer sequence designed to target 1640 base pair section of E. coli gyrA
(Forward: tcttccaggttgatgtctge, Reverse: tttgcgacctttgaatcegg) samples
with per products underwent another round of TURBO DNase treatment.
We used the Illumina Ribo-Zero Magnetic Kit to deplete rRNA, after
which mRNA samples were cleaned and purified using the Agencourt
RNAClean XP. First Strand cDNA synthesis was performed using
SuperScriptIl reverse transcriptase, Second strand cDNA synthesis used
E. coli DNA polymerase I (New England Biolabs) and RNase H (New
England Biolabs) and used E. coli ligase (New England Biolabs) and
RNase H. Final mRNA concentrations were quantified using the Qubit
DNA HS protocol on a Qubit 4 Fluorometer (ThermoFisher). cDNA was
stored at —20 °C until sequencing library creation.

4.12. cDNA sequencing

Shotgun metagenomic sequencing libraries were created using cDNA
diluted to 0.5 ng/pl and the modifications to the Nextera library prep lot
(Illumina) detailed in Baym et al. (2015). This generated ~450 bp DNA
fragments which were purified using the Agencourt AMPure XP system
(Beckman Coulter) and quantified using the Quant-it PicoGreen dsDNA
assay (Invitrogen). Samples were pooled onto lanes to ensure ~10 M (1
x 75bp) reads per sample and quantified using the Qubit dsDNA BR
assay. Samples were sequenced in Illumina NextSeq High-output
sequencing machines at the Edison Family Center for Genome Sci-
ences and System Biology at Washington University School of Medicine
in St. Louis. Sequence data is stored in the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (SRA) in
bioproject PRINA762422.

4.13. Transcriptomic analysis

The pipeline for transcriptomic analysis proceeded similarly as pre-
viously described (Henson et al., 2018). Briefly, samples were trimmed
using trimmomatic and then mapped to a bowtie2 (Langmead and
Salzberg, 2012) index built using the E. coli MG1655 NCBI assembly
GCF_000005845.2_ ASM584v2 including a custom plasmidic operon
containing the novel biosynthetic pathways for each strain. Gene counts
were calculated using featureCounts (Liao et al., 2014). Differential
expression analysis was performed using DESeq2 (Love et al., 2014),
comparing the UFA-enriched strain as the comparator group for esti-
mating differential expression in the CFA- IBFA- and DUFA-enriched
strains. Repeated PERMANOVA conducted in R using the Adonis func-
tion of vegan(v2.5-7) (Dixon, 2003) package comparing all timepoints of
all strains to each other (999 permutations, Euclidean distance) after
rlog normalization in DESeq2. Pathway analysis was conducted using
the Escherichia coli K-12 MG1655 KEGG pathway gene lists, and testing
for significant log fold-change in expression among triplicates using
DESeq2.
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